about by Penicillia and Rhizopus, which are then killed by the heat; temperatures higher than 450C. he attributed to Aspergillus fumigatus. According to Rabinowitsch (1896) , thermophiles develop rapidly, with an increase in ammonia, and facilitate the heating of manure.
Holdefleiss (1899a), working with hay, and later (1899b) with manure, concluded that fermentation was responsible in each case for the heat produced. Laupper (1927) set forth the following explanation of spontaneous ignition of haystacks. The stillliving vegetable cells develop heat and moisture, thus favoring the development of bacterial and mycelial action, all of which results in the decomposition of carbohydrates. Water vapor and carbon dioxide accummulate under increasing temperature and pressure, and the gases formed are liable to escape with explosive violence. Distillation products mixed with the air produce a detonating gas, which is the immediate cause of the spontaneous combustion in the presence of pyrophoric iron.
Many theories attempting to explain the action of thermogenesis have been offered in addition to the few which are here cited.3 Some of these suggested theories appear quite plausible, but none of them have as yet been converted into facts. Until such studies have been put on a plane where concrete proof of the mechanism of thermogenesis is offered we must continue to speculate as we study further the factors which influence this phenomenon.
APPARATUS EMPLOYED
The apparatus used for measuring heat production of microorgaiisms under aerobic conditions shows considerable diversification both in make-up and in the principle employed. Early attempts at biocalorimetry were made by Crawford, Lavoisier, Dulong, Claude Bernard and others, but the first real progress in this direction took place after 1880.
Cohn (1888) constructed an apparatus of thin metal fitted with a cover and with perforated sides. He filled it with fresh horse ' For a more complete historical review of the problem the reader is referred to the original Ph.D. dissertation of the senior author in the Yale University Library.
manure, and at the end of 53 hours recorded a temperature of 71TC. Rubner (1904) used an unsilvered vacuum flask as his calorimeter, with water as the medium to be heated. Hill (1911-12) employed the refill of a common silvered thermos flask mounted in cylindrical tins filled with sawdust. Von K6rosy (1913) described a method of measuring the evolution of bacterial heat by the evaporation of ether, and by this technique was able to read directly the number of calories produced by the organisms during a given length of time. Shearer's (1921) apparatus was based upon the principle of relative temperature changes taking place between the contents of two or more Dewar vacuum flasks having an individual capacity of from 400 to 800 cubic centimeters. One flask contained water to serve as a control, while the others contained the solution whose heat production it was desired to measure. Bayne-Jones (1925) , in studying the heat produced by an antigen-antibody reaction, used a thermocouple and a suitable galvanometer to obtain the calorimetric readings in terms of microvolts.
APPARATUS EMPLOYED IN THE PRESENT INVESTIGATION
The apparatus used in these studies is based upon that employed by James (1927) whose mechanism consisted of an insulated Dewar flask containing the substrate to be tested, and an oxygen aeration system which was controlled by water displacing the gas in a reservoir bottle. The temperature attained within the flasks was measured by an ordinary thermometer, and no attempt was made to determine the number of calories produced. In his dissertation James stated, "An effort has been made to construct a chamber which furnishes a maximum amount of insulation against heat radiation, a minimum of heat absorption, is large enough to hold sufficient material to allow an appreciable calorific action, and yet is not too cumbersome to be readily handled."
Much of the research done on this problem by James was concerned with the heating of unsterilized grains, particularly cracked yellow field corn. With his apparatus he recorded a maximum temperature of about 62.500. when he aerated moistened unsterilized corn. By incorporating additions and modifications in James' apparatus we were able to conserve more of the heat produced by the microorganisms. The value of this additional conserved heat is brought out by the fact that under experimental conditions similar to those employed by James with unsterilized corn we were able to record a maximum temperature of 6700., which is 4.500. higher than the temperature recorded by James, Rettger and Thom (1928) . A complete description and photographs of the apparatus used in this study will be found in the original dissertation of the senior author of this paper.
PURE CULTURE STUDIES
In order to obtain comparative results under controlled conditions, various pure cultures of organisms isolated from heating grain were tested for their thermogenic ability on a substrate of sterile cracked corn. Corn was used as a heating medium because it is known to heat under suitable conditions. It contains a relatively high percentage of heat-yielding elements, which is essential in order that a small amount of material packed in the flask may be capable of furnishing the number of calories necessary to raise the temperature of the mass; furthermore, packed corn is porous and allows ready diffusion of the introduced oxygen.
The cracked corn was sterilized by heating 400 grams (which comprised one test bulk) in a shallow pan at 15000. oven temperature for 20 minutes, followed immediately by autoclaving at 15 pounds steam pressure for 25 minutes in a 750 ml. pyrex Erlenmeyer flask. Frequent tests have shown the corn to be sterile after such treatment, and its value not appreciably impaired for the purpose at hand. By stoppering the flasks tightly after autoclaving, the corn may be stored indefinitely without deterioration.
The present investigation was carried out with a standard moisture content of about 30 per cent for the corn substrate at the beginning of each experiment. James found this amount to be optimum for heat production in cracked corn; the present study confirmed this finding. James, Rettger and Thom (1928) including enzymes, were no longer present. Or, native organisms other than those isolated from the raw corn may be particularly active in the heating process. Undoubtedly a combination of these factors, in addition to others (not recognized) may play a significant part in the heating of unsterilized corn.
Included also in table 1 are the maximum growth temperatures of various organisms studied in this investigation when grown on standard agar slants. Before attempting to determine the maximum growth temperature which permitted macroscopic growth, the cultures were transferred daily for three successive days on agar slants. On the fourth day nutrient broth tubes were inoculated from the third transfer cultures and incubated for six hours at 370C. A loopful of the actively-growing cultures was transferred to a standard agar slant, which was then placed in a water bath kept within an incubator at the desired temperature. By keeping the cultures in this water bath only minimal temperature changes were permitted. Edwards and Rettger (1937) reported that no significant differences in growth could be demonstrated by determinations made in broth, on agar slants or in agar shake tubes; agar slant tubes were arbitrarily chosen, therefore, in this study. After incubation for from 24 to 48 hours the slant agar tubes were examined for visible growth. Of course, this method excludes the possibility of observing very slow multiplication of the organisms at high temperatures, but because of its common use in many bacteriological tests, it was chosen as the criterion of growth.
TE RELATIONSHIP OF BACTERIAL ENZYMES TO HEAT PRODUCTION
It seems reasonable to assume that in order to grow bacteria must respire. Virtanen (1934) pointed out that the metabolism of the cell is the resultant of numerous enzymic reactions and that enzyme action of the cell characterizes the species.
Each of the common bacterial respiratory systems contains at least one thermolabile enzyme, destruction of which would presumably inhibit proper functioning of the system. Casman and Rettger (1933) observed what appeared to be a definite correlation between the maximum growth temperature of certain bacteria and the minimum destruction temperature of certain respiratory enzymes of these organisms. Edwards and Rettger (1937) reported cessation of bacterial growth as related to destruction of certain respiratory enzymes.
METHODS
Following procedures employed by Casman and Rettger (1933) and Edwards and Rettger (1937) , studies were carried out on washed bacterial cells to determine the thermolability of peroxidase, succino-dehydrogenase, indo-phenol oxidase and catalase in organisms isolated from raw corn which had undergone heating.
The method of Quastel and' Whetham (1924) for preparing so-. called "resting bacteria" was used. The twice-washed cells were diluted' with physiological saline solution to give a turbidity of from 3.0 to 4.0 on the McFarland nephelometer scale. 'The different cell suspensions were divided into aliquot portions which were subjected to the various test temperatures for from 15 to 18 hours. The heating process was carried out 'in water baths which were held in incubators maintained at the desired temperatures. At the conclusion of the heating period the various enzyme tests were performed on each of the heated suspensions. Peroxidase
The test reagents employed in this investigation for the detection of peroxidase were (1) 0.5 per cent Benzidine in 50 per cent alcohol, (2) 1.0 per cent Guaiac in 95 per cent alcohol, (3) 1.0 per cent ortho-tolidine in 50 per cent alcohol, and (4) 0.1 per cent 2,; 7, diamino-fluorene-hydrochloride in water.
One-tenth milliliter of the color reagent was added to a mixture of 0.5 ml. cell suspension, 0.5 ml. potassium hydrogen phthalatesodium hydroxide buffer (pH 4.5) and 0.1 ml. of 3.0 per cent hydrogen peroxide. Appearance of a characteristic blue color has been generally accepted as a positive test for peroxidase with each of these indicators.
Callow (1926) reported bacterial peroxidase as being thermostable; the results obtained in the present study seem to bear out this contention. In fact, boiling and autoclaving the suspensions before adding the test reagent increased both the rapidity of appearance and the intensity of the color produced. Orthotolidine and 2,7, diamino-fluorene-hydrochloride appeared to be much more sensitive and definite in their reactions than either the benzidine or guaiac.4 Since the so-called bacterial peroxidase proved to be heat-stable in the various tests, it has no place in the present correlation study.
Succino-dehydrogenase Methylene blue was used as the hydrogen donator and indicator in the study of succino-dehydrogenase activity. The bacterial cells were maintained under anaerobic conditions. Two-tenths milliliter of a 1:40,000 sterile solution of the dye was added to a mixture of 0.5 ml. cell suspension, 0.5 ml. sterile di-potassium hydrogen phosphate-sodium hydroxide buffer (pH 7.3) and 0.3 ml. of a sterile neutralized 5 per cent solution of succinic acid. The tubes were fastened by means of a rubber band around a beaker lined with paper to give a white background. They were then placed in a Novy jar which was evacuated, rinsed three times with nitrogen of high purity (99.85 per cent), and incubated at 370C. in an atmosphere of nitrogen. Small fragments of freshly-cut potato helped to maintain the desired anaerobic conditions within the jar. Complete decolorization of the methylene blue was expressed as 4+, and the number of minutes required to bring about this change was noted. At the conclusion of a four-hour observation period the various degrees of decolorization of the different tubes were recorded, using an arbitrary scale of 1 + to 4 +.
Thermolabile succino-dehydrogenase was observed in every organism tested, but the degree of heat resistance of this enzyme varied with the different bacterial strains. In column 6, table 1, are given the approximate destruction temperatures of this enzyme in the strains tested, using as the endpoint the highest temperature showing a 4 + reaction at the conclusion of the four hour observation period.
Indo-phenol oxidase Keilin (1929) showed that oxidase activity in yeasts could be measured by using para-phenylenediamine-hydrochloride as a test reagent. This same reagent was employed in the present study to detect the presence of this enzyme in the bacterial suspensions under test. Three tubes were required for each strain and for each selected temperature. Into each tube were introduced 0.5 ml. di-potassium hydrogen phosphate-sodium hydroxide buffer (pH 7.3) and 0.5 ml. bacterial suspension. Tube 1 was not heated; tube 2 was placed in flowing steam for 15 minutes; and tube 3 received 0.1 ml. of a 1.5 per cent solution of potassium cyanide. When tube 2 was cool, 0.5 ml. of a 1.0 per cent solution of paraphenylenediamine-hydrochloride buffered at pH 7.3 and prepared immediately before use was added to each tube. Following thorough mixing, the tubes were allowed to remain undisturbed at room temperature in the dark. Observations were made over a period of 150 minutes, at the conclusion of which time tubes showing an intense brownish-purple color were recorded as 4+. The other tubes were arbitrarily rated according to their degree of coloration. All of the tubes treated with potassium cyanide were negative, and the few steamed tubes which showed any coloration at all were never stronger than 2 + in their reaction. Because of their negative character, the control tests are not shown in the accompanying composite table (table 1) .
It was more difficult to read the endpoints of the tubes containing the suspensions of the gram-negative organisms than it was for the gram-positive. To compensate for this factor a larger spread will be noted in the readings of the minimum destruction temperature of indo-phenol oxidase in the gram-negative organisms tested.
Catalase
The presence of catalase in the heated bacterial suspensions was detected by adding 0.1 ml. of 3.0 per cent hydrogen peroxide to a mixture of 0.5 ml. cell suspension and 0.5 ml. potassium di-hydrogen phosphate-sodium hydroxide buffer (pH 7.3). Evolution of gas bubbles, which constitutes a positive test for catalase, was studied with the unaided eye (see column 4, table 1.)
The maximum destruction temperatures for the different respiratory enzymes are presented in table 1, along with the maximum growth temperatures of the individual organisms on nutrient agar and the maximum temperatures produced by them in heating corn. The tabulated data reveal a reasonably close correlation between the maximum growth temperature and the degree of heating attained by the corn. With two exceptions, the figures in column 2 exceed those in column 1, but in only one instance is the difference greater than 40C., and for several of the organisms it is 20C. or less.
Fairly definite correlation also appears to exist in several instances between the maximum temperatures produced by individual organisms and the minimal destruction temperature of one or more respiratory enzymes under observation, particularly indo-phenol oxidase (cytochrome). For example, the Achromobacter and Aerogenes 1, 2 and 3 figures are on practically the same level, whereas the catalase destruction temperature is almost 30'C. higher; the succino dehydrogenase figure is definitely, but not far, above.
For Proteus 2 the maximum temperature production falls within the limits of both the indo-phenol oxidase and succino dehydrogenase figures, while the catalase destruction temperature is again very high.
For Bacillus subtilis 2 and 3 there is very close agreement between the maximum temperature production and catalase destruction levels; less between the maximum temperature production and indo-phenol oxidase and succino dehydrogenase figures. B. subtilis 4 and 5 show close relation between the maximum temperature production and indo-phenol oxidase recordings. Finally, for Bacillus vulgatus 2 and 3 the maximum temperature production and catalase figures run almost parallel; also, the succino dehydrogenase destruction temperature for B. vulgatus 2 is within the maximum temperature production and the catalase destruction range.
If, as various observers have assumed, the respiratory mechanism is disturbed by the destruction or inhibition of one or more of the respiratory enzymes, the correlations indicated in table 1 should be significant as offering one explanation for the cessation of heat production by the organisms involved in the heating of corn.
MOLD STUDIES
In the course of preliminary heating experiments with unsterilized corn a heavy mold growth suggested that conditions were favorable for mycelial development and that such a growth may contribute to the heating of the substrate. When isolated in pure culture one species of mold was identified as Rhizopu8 mucor; two others were classed as members of the Aspergillus genus, one of which was brown and the other green. Incubation for 48 hours at room temperature after initial transfer resulted in luxuriant growth on 3.0 per cent corn extract agar.
To test the heating ability, each of the isolated molds was inoculated into the requisite amount of glucose broth (pH 6.0). After incubation at room temperature for 24 hours, the broth culture was poured aseptically into sterile corn, bringing the moisture content of the latter up to 30 per cent, and the usual oxygen aeration procedure applied. Within three days temperatures of 57, 53 and 55.50C. were attained with the cultures of Rhizopus, brown aspergillus and green aspergillus, respectively. No further heating experiments were conducted with the molds.
PURE CULTURE STUDIES WITH THERMOPHILES
Because no single pure culture or combination of cultures employed thus far had. been able to raise the temperature of the corn much above 6000., it was thought that thermophiles might account for temperatures produced beyond this limit and as high as 6700., which was the maximum attained in unsterilized corn.
The three pure cultures of thermophiles used in this investigation were isolated from raw cracked corn which had heated to a temperature above 6000. during the course of aeration with oxygen over a period of from ten to twelve days. These organisms are quite similar in their main characteristics and may or may not be one and the same species. They were aerobic spore-forming bacilli.
Extract broth was inoculated with the organism to be tested and incubated at 550C. In contrast to the other pure cultures, growth was very meager at the end of a 24-hour incubation period; the addition of 0.5 per cent agar to the broth brought about a luxuriant growth at 5500. which was quite comparable to that obtained when non-thermophilic organisms were grown in plain broth at 3700. When the medium containing the growing thermophiles was poured into sterile corn and aerated with oxygen no measurable heat was produced, even though the initial temperature was varied from 45 to 6000. for from four to five days. Believing that the thermophiles may have lost their heating ability after being kept for a year and a half on corn extract agar, fresh isolations were made from heating raw corn; still no measurable rise in temperature was recorded when these freshly-isolated strains were tested on corn. Results of the experiments on this particular phase of the investigation were quite discouraging, in the light of the previous pure culture studies. Repeated attempts to produce heating with either the old stock cultures or the newly-isolated strains of thermophiles proved unsuccessful, in spite of numerous modifications in the standard procedure. When thermophiles are found in such great numbers in corn heating above 6000. it would seem that they must contribute to the heat production. Further research may demonstrate a r6le that these organisms play in the heating process.
INHIBITION OF MICROBIAL HEATING
Attempts to prevent destructive heating of hay, grain and other organic material by employing some simple, effective yet practical treatment have met with relatively little success. Some workers advocate the addition of from 10 to 15 pounds of salt or air-slaked lime to each ton of hay, sprinkling it on so as to cover as much of the load as possible. The Kansas Experiment Station showed, however, that considerably less gain is made by the cattle when salt is mixed with the feed. The best precaution seems to be to cure the hay thoroughly before stacking.
Because of. uncertain drying weather at the time of harvest, Rothgeb and Coleman (1924) advocated a ventilation system, which was found to reduce losses to a minimum when air was allowed to enter and dry out grains in storage before heating could be initiated. Ventilation is unnecessary when the moisture content of grain is kept around 12 per cent or less. Soundness of the ventilation theory has been established in both laboratory and field tests. Kinzel (1926) offered three suggestions for preventing spontaneous combustion of haystacks: (1) sprinkling one part (by weight) of salt on one hundred parts of hay while unloading, (2) placing a layer of old hay or straw between successive loads of new hay, and (3) High concentrations of certain sulfates cause a precipitation of various protein fractions which make differentiation of turbidity due to growth from that due to precipitate a difficult and uncertain procedure. Consequently, results with the sulfates are arbitrarily recorded only up to 15 per cent concentration of these salts. Table 2 shows the results obtained when five representative cultures were grown at 370C. for 10 days in extract broth containing various concentrations of the chemical agents listed.
INFLUENCE OF CHEMICAL AGENTS ON HEAT PRODUCTION
Even though some of the pure cultures of bacteria are capable of growing relatively rapidly in broth containing high concentrations of various chemical agents, the ability of these same organisms to produce measurable heat in aerated corn is greatly retarded at much lower concentrations of these chemical agents.
Small amounts of certain salts tend to stimulate the initial rate of heat production. As the percentage of salt increases, however, the length of the lag phase in heat production becomes increasingly greater, until finally the level is reached where no heating is recorded.
These facts are brought out in tables 3 and 4. The results of only two representative series of experiments are given; the effect of other chemical agents on the inhibition of microbial heating will be found in the original dissertation. All of these determinations were made on an aerated corn substrate containing 30 per cent moisture, and with an initial temperature of about 30'C.
Of the chlorides tested, ammonium chloride was most effective with the gram-negative bacteria, less than 1.5 per cent resulting in complete inhibition of heating, as compared to the 2.0 to 2.5 per cent required when sodium chloride ( A concentration of 3.0 to 4.0 per cent of sodium phosphate was effective in inhibiting heat production of all organisms tested in this study, while sodium nitrite in a concentration of only 0.0625 per cent brought about the same result. Maximum growth temperatures of the pure cultures isolated from heating raw corn correlated to a marked degree with the maximum temperature to which these individual organisms were capable of heating sterilized corn.
Considerable correlation also appeared to exist between the maximum growth temperature of the organisms and the minimum temperature of destruction of the respiratory enzymes, catalase, succino-dehydrogenase and indo-phenol oxidase. Peroxidase was found to be heat-stable in all of the organisms tested.
Certain chemical agents in concentrations of 0.5 per cent, or even less, when added directly to sterilized corn containing 24-hour broth cultures of various organisms, were found to stimulate the rate of initial heat production in certain instances. With increasing concentrations of these chemicals, however, the length of time necessary for the bacteria to heat the substrate to its maximum temperature was also increased.
Quantitative studies of numerical changes in the bacterial population of chemically treated corn were not undertaken Such an investigation may throw some light on the cause of heat inhibition in the presence of relatively small concentrations of chemical agents, as compared-with the growth tolerance of the test organisms for much higher concentrations of the same agents.
